Procalcitonin, a new inflammation parameter, has been shown to be markedly increased in patients with severe bacterial and parasitic infections, septic shock, and multiple organ failure. In contrast, in severe viral infections or inflammatory reactions of non-infectious origin (e.g. toxic acute respiratory distress syndrome or toxic pancreatitis) as well as in autoimmune disorders, there is little or moderate increase of procalcitonin serum levels. Therefore procalcitonin may be used for diHerential diagnosis of bacterial versus non-bacterial inflammation. Furthermore, procaicitonin correlates with the severity of infection and sepsis and it is considered to be a valid parameter t()r monitoring both the severity and the course of sepsis and multiple organ failure as well as the success of surgical ~lI1d intensin.' therapy in critically ill patients. Neopterin production is closely associated with activation of the celluLll' immune sYstem. High neopterin levels are found in several inflamlnatory diseases and certain malignancies. ~eopterin me~lsurements are usehll for monitoring allograft recipients to detect immunological c0111plicltions. In autoimmune diseases, neopterin concentrations reflect the extent and activity of disease . In intl-crious dise~lscs, ncopterin helps in the differential diagnosis of acute viral and bacterial infections and provides prognostic intc)rmarion in human immunodeficiency virus disease and in patients with rnultiple trauma and sepsis. In this article the clinical application of procalcitonin and neopterin in infectious diseases is reyiewed, and special emphasis is given to clinical simarions in " 'hich the combined determination of both par~1l11ctcrs, neoprerin and procalcitonin, is able to suppon ditkrential diagnosis.
cter" cl\'aibble t()r monitoring critically ill patients ,lnd the Sllccess of the therapy in severe inflan1ma-tions. In ~Kidition, onl~' a few reliable parameters differentiating acute bacterial infection from other types of inflammation are available. Most of the indicators of inf1ammatory response used at present, such as body temperanIre, white cell count, erythrocyte sedimentation rate or C-reactive protein are unspecific parameters. Procalcitonin (peT) and neoptcrin seem to represent powerhll alternatives or additional means for immunologic monitoring in Pteridines / Vol. 10 / • '0. 3 patients at risk for developing infections or sepsis. In this article we compare the usefullness of PCT and neopterin as parameters for diagnosis and monitoring the course of infextions and inflammation.
PCT is a polypeptide consisting of 116 amino acids. It is the precursor protein of the hormone calcitonin which consists of 32 amino acids. Active calcitonin is produced from procalcitonin by specific prote()lytic enzymes in the C-cells of the thyroid gland. The synthesis of PCT and c~llcitonin starts with the transcription of a 141 amino acid-containing peptide, the so-called pre-procalcitonin. (1) . In healthy humans PCT levels are <0.1 ng/ ml (2) . Three to four hours after endotoxin injection, PCT begins to increase in the blood of healthy vollU1teers and then rises rapidly to reach a plateau at 6 h, remaining elevated for at least 24 h (3). The type of cells producing PCT during severe infection is not known yet. Thyroid is not the sole tissue involved in the secretion, since an infection-associated rise of PCT has been shown in a thyroidectomized patient with septicemia (2). The liver or neuroendocrine cells in the lung are possible sites of extrathyroidal PCT production in septic patients (4) . Recently, it was demonstrated that PCT m-RNA is expressed by human mononuclear cells and modulated by lipopolysaccharide (LPS) and sepsis-related cytokines (5) . However, in a whole blood model, while stimulation of blood samples from healthy volunteers with LPS did not result in a production of PCT, such stimulation led to production of large amounts of tumor necrosis factor-a, interleukin-l~, interleukin-6, and interleukin-8 (6) . Despite the markedly increased levels of per in severe systemic inflammation and sepsis, the mature calcitonin hormone remained normal or increased only slightly (7) . A possible physiological role of PCT in the human organism is not known yet. In a minimalmortality hamster model of sepsis, it was shmvn that the injection of human PCT (which, in healthy animals, was incapable of inducing mortality) increased their mortality. More importantly, it was also demonstrated that a significant reduction in mortality could be achieved by the administration of a neutralizing antibody known to be reactive with endogenous pel (8) .
Neopterin is produced by monocytes/ macrophages stimulated with interferon-y, a cytokine released during cellular immune response, which activates the conversion of guanosine triphosphate (GTP ) via GTP-cyclohydrolase I. Analogously, concentrations of neopterin in human body fluids reflect activation of these phagocytes and are elevated in patients with neoplastic disease, autounmWle disease, ulfections, Preridines / Vol. 10 / No. 3 and transplant rejections (9) . Following intravenous endotoxin administration in healthy volunteers, neopterin has a delayed rise for at least 6 h and then increases two to four-fold within 24 h (10).
Differential diagnosis of viral or bacterial infections
During severe generalized bacterial infections with systemic manifestations, per levels may rise to 100 ng/ ml and above. In contrast, an inflammatory response to viremia leads only to a small elevation in PCT levels. Assicot et al. showed that children (newborn to 12 years of age) with severe bacterial infections had very high semm concentrations of PCT at diagnosis (range 6-53 ng/ml) , but the levels decreased rapidly during antibiotic therapy (2) . In contrast, patients with peripheral bacterial colonization or local infections without sepsis and patients with viral infections had normal or slightly above normal concentrations of PCT (0.1-1.5 ng/ ml). In children with meningitis, routine laboratory values such as initial C-reactive protem, cerebrospinal fluid (CSF) proteins, and white blood cell count in CSF do not enable differentiation between bacterial cU1d viral meningitis. Semm PCT levels, howevel~ were clearly difl:erent in these two types of intections: mean peT in bacterial meningitis was 61 ng/ml (range 4.8-335) and 0.33 ng/ml in viral meningitis (range 0-1.7 ng/ml ) (11).
PCT seems to be a specific marker of bacterial sepsis in human immunodeficiency vims (HIV)-infected patients, as the baseline plasma level of peT was low (0.5 ng/ ml±0.37) , even in the final stages of the HIV disease. In HIV-infected patients with superimposed parasitic, viral, fungal, mycobacterial infections, and bacterial pneumonia or otller localized bacterial infections, the levels of PCT were lower than 2.1 ng/ ml (12) .
Significantly increased neopterin concentrations have been described in patients suffering from various viral infections ulCluding measles and mbella, and herpes virus infections such as cytomegalovinLS (CMV) infection, Epstein Barr virus (EBV) infection and varicella infection (13) (14) (15) (16) . Also a large proportion of patients with hepatitis A, Band C infections have been described to present with increased neopterin concentrations (17) (18) (19) . In the majority of individuals with acute human inmmunodeficiency virus 1 (HIV-l) infection, neopterin levels were f(JUnd to rise early, even before the onset of antibody production (20, 21). However, in contrast to other acute virus infections, after HIV-l antibody seroconversion, neopterin concentrations do not return to normal and a significant percentage of HIV-l infected individuals present with persistently increased neopterin concentrations, which indicates ongoing infection and virus reproduction also in the asymptomatic phase of HIV-l infection (22) . Neopterin concentrations were also demonstrated to be of prognostic value for development of AIDS, with its predictive power in homosexual men with HIV-1 infection being similar to CD4+ T-cell counts (24) . In addition, jointly with CD4 counts neopterin concentrations are predictive t(X disease progression (23) (24) (25) and survival.
Acute localized bacterial infections are usually not associated w itl1 increased neopterin concentrations, with the exception of infections with intracellular bacteria, e.g. pulmonary tuberculosis, where neopterin concentrations correlate with the extent and activity of the disease (26) . When neopterin concentrations in adult patients suffering fro m pneumonia or urinal), tract infections were compared, it was observed that virus infections led to significantly higher neopterin concentrations dun bacterial infections (27) . Moreover, neopterin concentLltio ns were even superior to leukoc,o tes counts or blood sedimentation rate in helping to discriminate between bacterial and virus infections. Ho"oe,·er, this is only true for acute infections, whereas in protracted bacterial infections, especially of the urinary tract, increased neopterin concentrations have been o bserved. The increase of neopterin under these conditions is probably due to the involvement of a multitude of cytokines such as interleuk.in-1 and tumor necrosis factor-a, the production o f which tlnally also leads to the formation of intetieron-y.
Fungal i,~tecti()n s and lI1alaria
There are contlicting results regarding the bboratory diagnostic role of PCT in fungal infections. High serum p eT levels were reported during di sseminated candidiasis in a patient after liver transplantation and in two patients with microbiologically documented candida infection among 15 patients with septic shock (28, 29) . After heart transplantation, p e T was significantly elevated during bacterial, fungal, or protozoal infectio n (30) . In two immunodeficient patients, there was no increase in serum PCT levels, altho ugh they sut1ered from severe fi.1l1gal intection (Aspergillus tlllnigatus and Candida albicans, respecti,·eh· ) and in two cases of disseminated aspergillosis aher bone marro"· transplantation there was only a moderate increase of PCT (31, 32) . Why less PCT is synthcsed in tlll1gal than in bacterial infections, remains to be clarified.
In severe malaria, increased PCT plasma concentrations h ave been repo rted, declining during therapy within a few days. In patients with suspected malaria, the high specifity and negative predictive value suggests that PCT m ay serve as rapid exclusion test for acute m alaria (33 ) .
Very high neopterin concentrations have been described in patients infected ,yith Plasmodium falciparul11 and Plasmodium , ·i'·'L\: (34 ) . Highest neopterin concentrations ha,·e been observed in patients \\·ith acute o nset, whereas in patients from a holoendemic area a decline of neopterin concentrations with increasing age was observed. This finding .is in conf()rmity witl1 a proposed modulatio n of Thltype (=cell-mediated) immune response towards a Th2-type ( =humoral) immune response in chronic parasitic infections.
Sepsis and muLtiple organ dy.~funcfion syndrome (MODS)
When P CT is compared w ith other routinely m easured parameters of inflammation/ infection such as white blood cell count, platelet count, or C-reactive protein, PCT seems to be more sensitive and specific in the monitoring of septic patients (35, 36) .The results of a study of Al-Nawas et al. (37) are Sl1l11-marised in Table 1 .
Eb·,ltcd PCT levels dropped signiticantly within the septic focus. Persistence of elevated or increasing PCT levels were related to failure to eliminate the septic focus and were associated with a higher mortality (38). In patients with peritonitis, the kinetics of PCT levels had excellent prognostic value with a sensitivity of 84% and a specificity of91 %, whereas single PCT levels do not allow prognosis (36). Another study showed that the value of procalcitonin was significantly elevated in non-survivors compared with survivors on the day of diagnosis of sepsis. Procalcitonin increased continuously in nonsurvivors and decreased in survivors during severe inf1ammation (39) . During the early course of acute respiratory distress syndrome (ARDS), PCT and neopterin could be used for discriminating benveen ARDS of bacterial aetiolot,'Y and ARDS of non-infectious (toxic) aetiology (: figure 1, 40 ). In patients with systemic inf1ammatory response syndrome (SIRS) and acute Pteridines / Vol. 10 / No. 3 lung injury aiter cardiopulmonary bypass, PCT was significantly elevated compared to patients with SIRS but without acute lung injury. In contrast, neopterin values increased during surgef); but did not differ benveen the t\Vo groups (41) .
Sepsis and septic shock are associated with markedly elevated concentrations of neopterin, they correlate with scores for severity of sepsis like Acute Physiology and chronic Health Evaluation (APACHE) II score and strongly predict progression to multiple organ dysfimction syndrome (MODS) and multiple organ failure (MOF) (42) (43) (44) .
Pancreatitis
A clinical study showed that increase in plasma PCT was closely related witll biliaf)' pancreatitis, the highest plasma PCT levels were found in patients with cholangitis. All patients with toxic (e.g. alcohol abuse) or idiopathic pancreatitis had normal PCT levels despite excessive increases in acute-phase proteins such as C-reactive protein and interleul<i.n-6 ( 45). In the same study neopterin concentrations in serum were also higher at onset in patients with biliary versus toxic pancreatitis (Figure 2 ). The finding that elevated PCT levels are associated with a biliary origin of acute pancreatitis could not be confirmed by the study of Rau et al. (46) . Their results showed that median concentrations of PCT were signifi--:<llltly higher in patients with infected necrosis in -Kute pancreatitis than in those with sterile necrosis. In oedematous pancreatitis overall median concenn'ations of PCT were low. After surgical treatment of infected necrosis, median peT values continued to be higher in patients with persisting pancreatic 'icpsis compared with those having an uneventful postoperative course. Also neopterin concentrations \\'ere significantly associated with the course of pan--:reatitis and were predictive for the development of multiple organ failure (47, 48) .
Transplantation peT values in patients with acute graft rejection <lfter renal transplantation did not differ significantly ti'om those of healthy transplant recipients. In contrast, peT was clearly elevated during invasive bacterial infection or partial graft necrosis. Postoperatively; PCT rose to peak levels on the first and second days and mostly declined to normal within one week after renal transplantation (49) . After liver transplantation, an increase in plasma PCT was observed (up to 40 ng/ml) without any clinical or bboratory signs of systemic infections. A continuems twofold daily reduction of this value down to 0 .5 ng/ml was associated with a complication-free clinical course (50) . In patients after heart transplantation, PCT levels were significantly elevated, compared to allograft recipients vvithout complications, during bacterial, fungal, or protozoal infection (30 ) . PCT was not elevated during acute rcjection, and was not affected by immunosuppressive dnlgs.
In contrast to PCT, rejection of solid organ < lllografts and gnlft-vs-host diseasc is frequently ,Kcompanied b~' elevated ncoptcrin levels. Increasing neopterin values were observcd in the context of < Kute cellular rejection and graft-vs-host discase, \\ 'ith infections of bacterial, viral or parasitic origin. Significant ditIcrences could be calculated between the ditlerent groups (infections, rejections), and recentlv it was demonstrated tlut it is fcasible to discriminate between these ditlerent clinic,ll conditions by neoptcrin concentrations ( 51 ) .
Autoimmune Disorders
In patients with systemic lupus el:·thematosus (SLE) and with systemic anti neutrophil cytopbsmatic antibody (ANCA)-associated \'asculitis but witl10ut systemic infection, semm PCT levels were within the normal range (i.c., <0.5 ng/ ml), whereas the values for neopterin, interleukin-6, and C-rcac- tive protein were elevated in patients with active lmderlying disease (52) . Systemic bacterial infections were associated with PCT levels that were markedly elevated (Figurc 3 ) .
In cases of active Wegeners granulomatosis (WG), most of tllC patients during active WG and all during inactive WG had PCT levels in the normal range, but in 3 of 26 patients who had highly active VVG but definitely no infection, semm peT conccntrations \\'cre markedly elevated (0.8-3.3 ng/ml) (53 ) . Plasma concentrations of neopterin were increased in patients with active WG compared with hcalthy controls and levels of neopterin correlated with disease activity (54) .
Procalcitonin plasma concentrations after surgery and trauma
After surgery, PCT may bc elevatcd during the first five days dcpendent on the type of surgcry. Intestinal surgel:' and major operations more often increase PCT, whereas it is normal in the majority of patients after minor and primarily ,lseptic surgel:'. In contrast, C-rcactive protein plasma concentrations werc postoperatively elcvated in almost all patients, regardless of the type of operation. Maximum postoperative plasma levels of PCT were IT10sth-observed on day 1, but could also be found on da\ '~ 2-5, independent of the postoperative course IS:; ,.
In the case of a slow decrease or even a further increase in per levels in the post-operative period, a systemic inflammation or septic complication is most likely (36,38).
After major surgery (average time of operation: 180±min.) serum neopterin concentrations were elevated 48 hand 72 h after surgery compared to minor surgery (average time: 40± 10 min.), suggesting an activation of the cellular immune response which parallels the magnitude and length of surgical trauma (56) .
An early and transient release of peT into the circulation was observed during the first 3 days after severe trauma and the amowlt of circulating peT seemed proportional to the severity of tissue injury and hypovolemia, yet unrelated to infection. The peak peT level was significantly higher in patients developing subsequent multiple organ dysfunction syndrome (MODS ) (57) . While C-reactive protein concentrations remained elevated in all patients at the late post-traumatic period (day 7), peT concentrations were only raised in septic patients (58 ) .
In a large study of patients with multiple trauma there was a continuos increase of neopterin up to the 20-fold of the normal in non-survivors (59) . On the basis of neopterin values, outcome groups could be distinguished from each other as regards the development of infection and early or late organ £lil-ure (60) . The predictive value for organ failure was similar to trauma scores and the predictive value fe)r survival was even supel;or (59) .
Inhalation injury following a burn induced a release of peT correlating positively with mortalitY.
peT plasma levels did not correlat~ with the exte~t of skin surface area burned but was strongly correlated with pulmonary injury (61) . In contrast, Carsin ef ai. reported that per levels, which were elevated in all patients without any proven infection, correlated well with the sevel;ty of skin burn injury and were not associated with smoke inhalation injur~: peT and interleukin-6 peaks in the first 24 h after injun' were good prognostic factors of mortality (62) .
In patients with major burns, significantly increased neopterin concentrations have been described (63) , correlating with the presence of bacteraemia and the development of clinical sepsis. No significant correlation could be established between neopterin concentrations and the extent of burn surface (64); however, an increase of neopterin was t()Und in the first three days after burn which persisted during the following days of observation. The presence of early endotoxinemia did not correlate with neopterin levels, but neopterin concentrations were predictive tor the development of endotoxinemia in the Pteridines / Vol. 10 / ~o. 3 fllrther course of the disease.
Conclusion
PCT is a new parameter in the diagnosis of infection. PCT serum concentrations increase during severe bacterial and parasitic infections whereas in viral infections there is no or only a mild increase. Its role as a diagnostic parameter in fungal infections remains to be clarified. However, the serum concentrations of per increase only in severe bacterial infections accompanied Witll systemic signs. If bacterial infections are localized and/or not accompanied with clinical signs, there is no or only a moderate change in the peT concentrations. PCT may be helpful in the differential diagnosis between generalizecl inflammation of infectious origin and noninfectious origin, e.g. bacterial infection or acute rejection reaction after organ transplantation, infectious or non-infectious aetiology of ARDS, biliary or toxic pancreatitis, in cases of bacterial infection in patients with autoimmune disease, and in the diagnosis of bacterial or viral meningitis.
The most important clinical applications for the determination of neopterin are differential diagnosis of acute viral and bacterial infections, prognostic indicator in HIV infections, pancreatitis, multiple trauma and sepsis, reflections on the activity of autoimmune diseases, and early indications of complication in allograft recipients.
PCT and neopterin seem to present powerful alternatives or additional means for immunologic monitoring in patients at risk fe)r developing sepsis. Especiallv the combination of both parameters seems to allow better decision making in the early phase as well as in the later course of sepsis. Future studies should focus on the diagnostic and predicti ve value of the combination of per and neopterin in infectious diseases.
